Modelling healthcare internal service supply chains for the analysis of medication delivery errors and amplification effects
Introduction
In today's global market, competition is ever increasing and companies are widely adopting customer-focused strategies in integrated-system approaches.
Competition is no longer one company against other companies, but one supply chain against other supply chains. Supply chain management is a mechanism that will allow companies to respond to these environmental changes. It has become one of the top priorities on the strategic agenda of industrial and service businesses. Service supply chains should be managed differently, because they have the following characteristics not found in manufacturing supply chains:
intangibility, heterogeneity, simultaneous production and consumption, and perishability (Zeithaml et al., 2009) .
Healthcare is an expensive, complex, universally used service that hugely affects economies and the quality of life (Berry & Bendapudi, 2007) . The U.S., for example, was projected to spend more than $2 trillion (nearly $7,000 per person) on healthcare in 2006 and still only 44% of a national sample of Americans were satisfied with the quality of U.S. healthcare (Berry & Bendapudi, 2007) . The healthcare industry in the U.S. accounts for 16 percent of GDP, whereas the European Union average is about 8% (Baltacioglu et al., 2007) . There are several reasons for the growth of the healthcare industry. The most important one is decreasing fertility rates and increasing life expectancy. Several challenges like the complexity of processes, the need for efficient utilization of resources, the need to control the workload of the healthcare employees, and the public pressure on healthcare institutions to control costs while increasing the quality of services are involved with the healthcare industry (Baltacioglu et al., 2007) . All these challenges prove the importance of supply chain management in healthcare organizations.
Most of the discussions in literature focus on supply chain operations in the healthcare industry from a manufacturing viewpoint (Fineman & Kapadia, 1978; Bier, 1995; Rivard-Royer et al., 2002) , but there are few discussions about applying service supply chain management principles to healthcare organizations. Baltacioglu et al. (2007) proposed a general supply chain model for services, which includes some managerial activities to be performed for effective management of service supply chains. These activities are demand management, capacity and resources management, customer relationship management, supplier relationship management, order process management, and service performance management.
The proposed model is implemented for the healthcare industry.
Medication delivery error is an important issue faced by healthcare systems or, more specifically, hospitals. Recently, medication errors have become so common in hospitals that the patients should expect to suffer at least one every day (Baker et al., 2002) . In 2006, the Institute of Medicine estimated that medication-related errors harm approximately 1.5 million people in the U.S., costing the nation at least $3.5 billion annually. To help with these challenges, improving service supply chain for medication delivery processes in a hospital is very important. The medication preparation is usually done in the pharmacy of the hospital and then delivered to different departments of the hospital. So, analyzing the process of preparing drugs in the pharmacy of the hospital and measuring medication errors and wastes and trying to minimize them would have an important role in reducing the medicationrelated errors.
Upstream amplification of inventory and demand in a supply chain has been a wellknown phenomenon to supply chain managers for several decades. This phenomenon is called bullwhip effect in which fluctuations in orders increase as one moves up the supply chain from retailers to wholesalers to manufacturers and to suppliers. The evidence of bullwhip effect was first found by Forrester (1961) and was then demonstrated by Sterman (1989a Sterman ( , 1989b based on the famous Beer Game, an experiment that includes a supply chain with four stages. suggested four root causes of amplification effects in inventory supply chains: demand signaling, batch ordering, price fluctuations and shortage gaming.
Most of the research on amplification effects, or bullwhip effects, has focused on manufacturing (or inventory) supply chains (Akkermans & Vos, 2003) . Although the research of service supply chains has found a significant role with the increasing importance of service industry in recent decade, there are few studies on the amplification phenomenon in service supply chains. Anderson et al. (2005) studied the dynamic behavior of service supply chains in the presence of varying demand and information sharing. Their model presented the relationships between capacity, processing, backlog and service delays at each stage in the supply chain. They characterized the conditions under which a bullwhip effect can occur. They indicated that depending on the policies used to manage each stage the bullwhip effect may not occur in service supply chains.
This paper focuses on service supply chains in the area of healthcare services based on a case study from a community hospital (CH). The main research goal of this paper is to model and simulate the internal service supply chains of a healthcare system to study the effects of different parameters on the outputs and capability measures of the processes. The specific objectives are:
 To create system dynamics models for the internal service supply chains in CH.
 To analyze medication delivery errors in CH based on the results of the models.
 To explore the presence of bullwhip effect in the internal service supply chains of the hospital.
System dynamics modelling
System dynamics is an approach to understanding the behavior of complex systems over time. In this study, system dynamics is used to model two internal processes in CH: the pharmacy internal service supply chain (i.e., medication preparation procedure in the pharmacy) and the emergency room internal service supply chain (i.e., the patient treatment procedure in the emergency room). Only one medication type, intravenous (IV), is considered in this study. The reason that we focused on IV is that medication errors associated with the highest risk of harm are IV medication errors (Williams & Maddox, 2005) . IV medications are associated with 54% of potential adverse drug events (ADEs) (Kaushal et al., 2001 ), 56% of medication errors (Ross et al., 2000) , and approximately 61% of the serious and life-threatening errors (Vanerveen, 2005) . The modelling software used is Vensim, which is a visual modelling tool that allows conceptualizing, documenting, simulating, and analyzing system dynamics models. The average service delay is the average nominal delay required to complete a backlogged order. Figure 1 shows the first two stages of the pharmacy model, which is built based on Anderson et al. (2005) . The following are the variables used in the model:
Pharmacy internal service supply chain model
 B i (t) = stage i backlog at time t. We assume that B i (t) ≥0 for t ≥0.
 C i (t) = stage i capacity in job at time t. We assume that C i (t) ≥0 for t ≥0.
C 0 (t) equals end-customer demand at time t.
 P i (t) = the processing rate at stage i at time t.
 TC i (t) = target capacity of stage i at time t.
 TR i (t) = turn around rate of the employees in stage i at time t.
 µ i = the average nominal delay required to adjust capacity at stage i. We will refer to µ i as the capacity adjustment time. We assume that µ i >0.
 λ i = the average nominal delay required to complete a backlogged order at stage i. We will refer to λ i as the average service delay. We assume λ i >0.
 α i,1 = the relative weight of end-customer demand in the target capacity decision of stage i. We assume that 0≤α i,1 ≤1. , the first term represents the degree to which the target capacity relies on the end-customer demand rate. The second term captures the degree to which the target capacity depends on the processing rate of the previous stage. The third term denotes how the target capacity depends on the magnitude of the local backlog B i (t). The ratio in this term represents the capacity required to guarantee that, on average, the orders in each backlog will not be delayed longer than an acceptable amount of time (i.e., the average nominal delay).
Emergency room internal service supply chain model
The emergency 
Experience model
The The followings are the variables and input used in this sub-model:
 N: Number of Pharmacists.
The capacities which we calculated before are actually the capacities in job. The number of pharmacists is calculated by separating the total pharmacists to two inexperienced and experienced groups. Using the productivity of each group which are given by the real data of the CH, the total number of pharmacists is calculated.
 PhTC: Pharmacy's total capacity, which is the sum of order entering capacity, order sorting capacity and order assembling capacity. -564 -error, while the fractional increase in error fw is positive since higher workload increases error (Zangwill & Kantor, 1998) . To be more precise about the error values given by the simulation run as well as to gain insights into the impact of the other parameters on medication delivery errors, an experimental design was employed. The experimental design consists of three parameters which have the most impact on the medication delivery error. Each parameter has two levels, which are shown in Table 1 . In order to find how to change the current values of each parameter, many simulations were run, some trial and error experiments were performed, and the most appropriate new values for each parameter were chosen. The experimental design is done for three parameters: pharmacist reference experience level, reference error, and reference workload. By running some simulations it is found out that these parameters have the greatest impact on the medication delivery errors. The purpose of this experimental design is to find a set of values for these three parameters that result in a reasonable value for the medication delivery error to be as close as possible to the medication delivery error data of CH. Table 2 . Factor effect estimates and sums of squares
The half-normal probability plot of these effects is shown in Figure 6 . All the effects that lie along the line are negligible, whereas the large effects are far from the line. The partial analysis of variance is summarized in Table 3 . Based on the ANOVA, the main effect B and the interactions of AB and BC (the effects with the P-Values less than 0.0500) are significant. If the interactions are not considered, the conclusion is that the reference error is the most significant factor. Although the model's medication delivery error data hold a normal distribution assumption, the medication delivery error data of CH do not. Thus, classical t tests cannot be used for model validation. Instead, nonparametric statistics methods are used. Nonparametric or distribution-free tests do not require the samples to be normal. However, they require assumptions for their validity, and these assumptions are less restrictive than the assumptions needed for the t test (Navidi, 2008) . For validation purposes the Mann-Whitney Test is used (Conover, 1999) .
Source of Variation

Sum of Squares
Our samples meet all the assumptions of the test. The hypothesis test is: 
Simulation analysis
The model has been simulated for 500 hours. We first analyze the medication delivery errors. Another important question is to check if the bullwhip effect (defined here, following Anderson et al. (2005) , as the variance in the processing rate--and therefore the next stage's demand--being greater than the input task) occurs in the internal service supply chains of the hospital? We also analyze if the variance in each stage's backlog increases as one proceeds up the supply chain.
Medication delivery errors analysis and discussion
It is clear that we always try to reduce the medication delivery error. Figure 7 shows the medication delivery error of the hospital in a normal situation.
To analyze the impact of the different parameters on the medication delivery errors, we use experimental design for the most important ones. Consider Table 4 for the parameters used in the experimental design. Table 4 . Values for the medication delivery error parameters in the experimental design and formation and results of the medication delivery error experimental design For the complete experimental design, we ran a total of 16 simulations (four factors at two levels). Table 4 contains each run formation and the average of the medication delivery error for each run. From the contrast constants for the 2 4 design, the 15 factorial effects and the sum of squares are estimated and shown in Table 5 . The half-normal probability plot of these effects is shown in Figure 8 . for the backlogs (see Figure 11) . However, by looking at the variances of the processing rates and backlogs, the evidence for the bullwhip effect is unclear. We can justify this phenomenon using the four major root causes of the bullwhip effect proposed by . 
Conclusions
This paper models and simulates the processes of two internal service supply chains of a hospital to study the effects of different input parameters on the outputs and capability measures of the processes. This study can help the hospital improve processes, reduce errors, and deliver more efficient services. The paper focuses on medication delivery errors and amplification effects of demand.
According to the results of this study, the following managerial policies are suggested to reduce medication delivery errors of the hospital:
 Hiring employees with more average experiences can reduce medication delivery errors.
 Decreasing the fractional attrition rate, which means having more experienced employees for a longer time in the pharmacy, can reduce medication delivery errors.
 There is a trade-off between the productivity of the employees and medication delivery errors. Increasing the productivity could increase the errors. The task of assembling the medications needs accuracy. Therefore, the manager should try not to allow the productivity to increase more than a certain level.
Another result from this study is that the bullwhip effect may not occur in a hospital's pharmacy and ER service supply chains. It should be noted that the type of service supply chains modelled in this paper are internal service supply chains, representing only the tasks which are done inside the pharmacy and the ER of a hospital. To observe the bullwhip effect, one should consider and study the whole supply chain from downstream to upstream because the bullwhip effect indicates that variations are amplified as one moves from downstream to upstream in the supply chain. Therefore the chains should be modelled more generally to observe the bullwhip effect in healthcare service supply chains. For example, the service supply chain may involve the hospital as one stage along with the insurance company and other related firms as other stages. In this case the bullwhip effect may be observed. It is observed that the four root causes mentioned by are not valid in the case of the pharmacy and ER service supply chains.
Another reason that the bullwhip effect does not occur is the good level of communication between the stages in the pharmacy and ER service supply chains.
Future research
As noted before, the type of service supply chains modelled in this paper, are small service supply chains, representing only the tasks which are done inside the pharmacy and the ER of a hospital. To better observe the bullwhip effect in healthcare service supply chains, the chains should be modelled more generally.
Thus modelling the hospital as a stage in healthcare service supply chains along with the insurance company and other related firms is recommended. Also analyzing the relationships between medication delivery errors and variability of backlogs and capacities is a good direction for future research. The impact of medication delivery errors on bullwhip effect is not considered in this paper.
Modelling hospital's service supply chain in a way to show the relationships between medication delivery errors and the backlog and capacity variations is recommended.
